Introduction
Gold (Au) is considered to be the noblest of all metals, long regarded as chemically rather inert 1 and thus (more or less) catalytically inactive. Nevertheless a report from as long ago as 1906 states that a hot Au mesh can facilitate the combination of O 2 and H 2 , 2 while a paper from 1925 indicates that Au is capable of catalysing the oxidation of CO to CO 2 . 3 But since Au is fairly expensive and the reported reaction rates were lower compared with other metals, Au was not considered as a viable catalyst until Sennewald et al. 4 found that a Pd-Au catalyst was active for the oxidative acetoxylation of ethylene to vinyl acetate in 1965 and then Bond and Sermon 5 demonstrated the activity of supported Au particles with diameters of 2-100 nm for the hydrogenation of 1-pentene at 100°C in 1973. Later, in the 1980s, Haruta et al. 6, 7 discovered that Au nanoparticles, with diameters of 3-5 nm hold up on reducible supports, were exceptionally active for CO oxidation even at −70°C, and Hutchings 8 demonstrated the catalytic activity of Au 3+ in the hydrochlorination of acetylene to vinyl chloride. Since then, Au has attracted growing attention as a catalyst and become the preeminent example of a size effect in heterogeneous catalysis. [9] [10] [11] As CO oxidation is one of the simplest reactions which Au can catalyse, and CO is frequently used as a probe molecule in surface science, CO oxidation on TiO 2 supported Au nanoparticles has become a prototypical model system in Au catalysis, [12] [13] [14] [15] and numerous studies have been reported regarding the reaction mechanisms, [16] [17] [18] active sites, 11, [19] [20] [21] and active species. 22, 23 Looking at the experimentally measured catalytic activities of Au nanoparticles on different supports in the CO oxidation reaction, two main conclusions can be drawn. The Au nanoparticles are not active above a size of approx. 5 nm and on some oxide supports, such as SiO 2 , they are not active at all, regardless of size. their implementation is rapid sintering. It has been shown that Au atoms are mobile and can migrate to form 3D islands on a TiO 2 surface even at 150-160 K. 24, 25 Also on silica, Au particles tend to sinter quickly, unless defects are present on the silica surface to which the Au particles bind more strongly. 26 However, the defects have to be present on the surface before the cluster deposition and are unlikely to be formed in situ.
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According to the work of Yang et al., 28 Au clusters on TiO 2 sinter by Ostwald ripening between 300 K and 410 K and the sintering is accelerated by the presence of a mixture of CO and O 2 . The sintering modes of mass-selected Au nanoclusters deposited on amorphous carbon were studied by Hu et al.
They found that the sintering process is size-dependent; Au 561±13 and Au 923±20 clusters exhibit Ostwald ripening, whereas Au 2057±45 ripens through cluster diffusion and coalescence (Smoluchowski ripening). 29 The stabilisation of supported nanoparticles against sintering has attracted significant research effort. 30, 31 Two pathways are usually described: alloying the particles, or encapsulating them within an oxide or organic shell. The latter may hinder the use of nanoparticles in catalytic applications because of surface blocking, but alloying may provide a route to nanoparticles which are both stable and active. In particular, the investigations of mass-selected alloy nanoparticles synthesised in the gas phase have already shown the unique properties of such materials. Examples include increased activity in the oxygen reduction reaction (ORR) for case of Pt x Y and Pt x Gd nanoparticles as a result of strain 32, 33 and the dynamic behavior of CuZn nanoparticles under methanol synthesis reaction conditions. 34 With regards to sintering, it has been shown that alloying Au with Ir, Cu or Ag increases the stability of chemically synthesized nanoparticles on oxide supports. [35] [36] [37] [38] [39] [40] [41] However, studies of the effects of alloying on the stability of mass-selected nanoparticles against sintering have been lacking to date. Here we show that the sintering rate of mass-selected Au/Ti alloy nanoclusters, synthesised in a magnetron sputtering, gas condensation cluster beam source 42, 43 is much lower than that of mass-selected pure Au nanoclusters on silica. from an Omicron ISE100 ion gun using the same energy analyzer), again after transfer under atmospheric conditions. The silicon supports were heated in 1 bar of O 2 : CO = 4 : 1 to approx. 370 K (100°C) in order to simulate the effect of CO oxidation conditions. We estimate the error in temperature here to be around ±15 K. After heating the supports were characterized again with XPS and LEIS to investigate the surface composition of the clusters and the effect of the heating.
Computational details
We performed spin polarized density functional theory (DFT) calculations with the Vienna Ab Initio Simulation Package (VASP 5.2) 44-47 using the Perdew, Burke and Ernzerhof (PBE)
exchange-correlation functional. 48, 49 Electron-ion interactions were described via the projector augmented wave (PAW) method. 50, 51 O(2s, 2p), Si(3s, 3p), Au(5d, 6s) and Ti(3d, 4s, 4p)
states were treated explicitly. For electronic relaxations, we used the blocked Davidson iteration scheme. 52, 53 Full geometric structure optimizations were performed, allowing all ions to relax until forces were smaller than |0.01| eV Å −1 .
The lattice parameters were kept fixed during structure optimizations.
To represent the silica surface, we used a periodic fully hydroxylated α-quartz (001) surface, as described in our previous study. 54 A (3 × 3) surface super cell was used with lattice parameters of a = b = 15.11 Å and γ = 120°and with a slab thickness of 9 layers of [SiO 4 ] tetrahedra. The slabs were separated by more than 20 Å of vacuum to ensure enough space for the metal clusters. Wave functions were expanded in a plane wave basis up to a kinetic energy of 400 eV. A Γ-centred K-point grid in the Monkhorst-Pack scheme 55 was used, which was set to the Γ-point. As dispersion forces can be important for the clustersupport interaction, we applied the semi-empirical dispersion correction proposed by Grimme, 56 known as the DFT-D2
approach. As the DFT-D2 approach is assumed to overestimate the dispersion in oxides, we changed the C 6 and R 0 parameters as suggested by Tosoni and Sauer. 57 The resulting approach is called DFT-D2′. Atomic charges q were determined via the Bader decomposition scheme. [58] [59] [60] The adsorption energies of the clusters, E ADS , are defined in eqn (1), where E(Au x Ti y ) are the metal clusters in the gas-phase and S is the support.
3. Results and discussion
XPS and LEIS of the nanoclusters
XPS was used to provide information on the composition of the deposited clusters. Typical XPS spectra are shown in Fig. 1 for both the Au 2057 and Au/Ti nanoclusters deposited on Si/SiO 2 supports, as received after transport under atmospheric conditions, and also after heating in a mixture of O 2 and CO in order to simulate the effect of CO oxidation conditions. In all samples the Si in SiO 2 binding state, originating from the substrate, can be detected. Traces of carbonaceous contaminants from atmospheric exposure are also visible in the spectra. In case of the Au 2057 nanocluster sample, no significant changes are visible in the XPS spectra taken before and after heating in O 2 /CO (Fig. 1A) . In the case of the Au/Ti nanoclusters, the relative intensity of the Au signal compared with the Si signal (normalized peak size) in the spectrum decreases after heating. This is consistent with a segregation process in which more Ti is drawn to the cluster surface, which is underlined by the change of the Au : Ti ratio determined from the spectra. The as received clusters show a surface Au : Ti ratio of 60 : 40, while after heating the ratio is approx. 40 : 60. Some Ti is present on the surface in the form of TiO 2 regardless of the heating (see detailed spectra in ESI, Fig. S1 †) . In order to further investigate the surface of the samples, LEIS spectra were recorded (Fig. 2) characterizing the outermost layer of the sample surface. In both Au and Au/Ti cluster samples, O, Si and Au are detectable on the surface before heating, as expected for Au-containing clusters deposited on a SiO 2 surface. In case of the sample with Au 2057 clusters ( Fig. 2A) , small additional contaminant(s) can be detected having a mass of approx. 39 amu (Cl, K or Na), which could originate from the handling of the sample. No such contaminant could be detected in case of the sample with Au/Ti clusters, since Ti is clearly visible in the same region (Fig. 2B) . After heating the samples, the Si and O peaks disappear from the spectra. As XPS confirms the presence of SiO 2 , this disappearance is most probably the effect of carbonaceous contaminants on the surface completely covering the support. Nevertheless, in both samples Au is still clearly visible at the outermost surface. Based on the XPS and LEIS measurements, a segregation process upon heating in O 2 /CO is changing the surface composition of the Au/Ti nanoclusters, but in line with the computational investigation (see below) Au atoms are still present on the surface, thus opening up the possibility of Au catalysis using the Au/Ti clusters under realistic reaction conditions.
STEM study of the sintering process
The mean diameters of Au 2057 and Au/Ti (400k amu) clusters deposited onto thin silica film were measured, based on projected surface area, and found to be 4.07 nm and 3.94 nm, respectively. The shape of Au 2057 clusters can be obtained from the relationship between the cluster diameter (D) and the number of Au atoms (N). 61 The shape of Au cluster would be is calculated from the experimental data. 62 This value is corresponding well with twice of the Wigner-Seitz radius, r ws = 0.165 nm. 63, 64 The diameters of the Au 2057 clusters fit a quasispherical geometric model well, indicating that they do not relax substantially to a hemispherical shape on the surface. To evaluate whether the addition of Ti enhances the stability of the alloy clusters compared with the pure Au clusters, and to shed light on the sintering mechanism(s), the process of sintering induced by electron beam irradiation was investigated with the aberration-corrected STEM. Fig. 3 shows sequential images of Au and Au/Ti cluster dimers exposed to the electron beam.
The observed sintering process of the Au clusters can be divided into two phases according to the STEM images and the change of the measured major axis of the Au dimer. In the first phase, the two Au clusters are seen to move toward each other once they are exposed to the electron beam driven by surface plasmon coupling, 65, 66 which can be confirmed by the major axis of the Au dimer shrinking from 8.31 nm to 7.66 nm after 39 s, as plotted in Fig. 4 (the cluster migration can also be seen in the ESI in Fig. S2 †) . The cluster migration leads the two initially separated clusters to make contact with each other. Afterwards, in the second phase, a process of coalescence, presumably driven by peripheral atom diffusion, decreases the surface area of the dimer. Two different shrink rates of the major axis of the dimer can be found in these two phases of sintering, which are ∼1.00 nm min −1 and ∼0.17 nm min −1 for the first and second phases, respectively (Fig. 4) .
Thus the sintering behavior of the Au dimer starts at a relatively high rate with the two clusters quickly migrating towards each other. After about 50 s, once the clusters collide, the second and slower phase of sintering begins and the rate of peripheral Au atom diffusion regulates the rate of sintering. In the case of the Au 2057 clusters, 8 pairs of Au cluster dimers were imaged with the STEM, and 6 pairs of them showed similar sintering behavior as that discussed above. The clusters in the other 2 pairs of dimers with a gap size of ∼0.8 nm in between were simply found to move away from each other during imaging.
Compared with the Au clusters, the Au/Ti clusters show different sintering behavior, although once more it can be divided into two phases. In the first phase, the Au/Ti clusters remain at their original positions instead of quickly migrating towards each other like the Au clusters. Thus the Au/Ti cluster dimer retains the same length of major axis (8.15 nm) after being exposed to the electron beam for 39 s. In this first phase, only peripheral atom diffusion is found. However, once diffusing atoms found in the gap between the two clusters make a first physical connection between the clusters, the second phase of sintering is initiated. In this phase, coalescence takes place around the bridge formed in between, but the coalescence rate here (0.08 nm min −1 ) is much lower than that of the Au cluster dimer, Fig. 4 (also be confirmed in Fig. S3 and S5 in the ESI †). The different sintering behavior of Au/Ti clusters compared with Au clusters on silica can be attributed to the strong interaction between Ti and the lattice oxygen of the silica support, which tends to anchor the clusters in the dimer against sintering. However, the anchoring effect is insufficient to prevent coalescence once two clusters come into contact, so it can slow down the coalescence process but cannot prevent it completely. If the distance between two neighbouring clusters is large enough (see below) that the diffusing atoms cannot "build a bridge" between them, then sintering is exceptionally slow. Fig. 5 (see also Fig. S4 in the ESI †) shows a Au/Ti cluster dimer with a slightly larger gap than that in Fig. 3 . It can be seen that the two clusters do not sinter after electron exposure for as long as 13 min, and basically the major axis of this dimer retains the same value. Peripheral atom diffusion is again found during electron exposure. At 1 min 28 s, the atoms highlighted by arrows can be found located between the two clusters, and then disappear 3 s later by moving away from the dimer area or binding to one of the two clusters. It is further observed that the cluster on the right exhibits a transient asperity due to the accumulation of diffusing atoms at 3 min 33 s. However, the distance between the clusters is too large for a contact bridge to be formed, and the asperity has decayed at 3 min 57 s. This confirms that sintering does not happen between Au/Ti clusters if the cluster distance is too large for the diffusing atoms to build a bridge in between. In future, experimental studies of hundreds of such dimer pairs may lead to the precise measurement of a critical distance for sintering by bridge formation, dependent on temperature and other key parameters (including in the case of the electron beam experiments, the current). In the case of Au/Ti clusters, 14 pairs of Au/Ti clusters dimers were imaged with STEM, and all of them showed similar behavior against sintering.
DFT calculations of surface anchoring
The size of the observed particles (around 2000 atoms) is such that we cannot directly model them with DFT calculations. It is likely that these particles will adopt shapes derived from a Wulff construction, such as a truncated octahedron dominated by (100) and (111) surfaces. To investigate further the role of Ti atoms against sintering, we considered, amongst others, the adsorption of Au 20 and Au 10 Ti 10 tetrahedral clusters which exhibit (111) faces only. While these clusters are smaller than in the experiment, the nature of the bonding with the surface is rather local, and the essence of the interaction between cluster and support is sufficiently well represented by the chosen model. Before adsorbing the clusters on the surface, we optimized the geometries of the free-standing clusters.
With photoelectron spectroscopy and relativistic density functional theory simulations, Li et al. 67 proposed that Au 20 prefers a tetrahedral shape. Wang and Palmer 68 found that this tetrahedral structure is observed, amongst other isomers, when size-selected Au 20 clusters soft-landed were observed by aberration-corrected STEM on amorphous carbon film. Other experimental 69 and computational 70 studies also identify the tetrahedral geometry. In our simulations we also find that the tetrahedral structure is the lowest energy geometry for free Au 20 clusters. For the bimetallic Au 10 Ti 10 cluster, we considered this and other structures, while also testing different distributions of the two elements within the clusters. We considered several cluster isomers, but the potential energy surface (PES) possesses a very large number of local minima, which cannot be extensively explored without a global search algorithm. In this respect, our results are representative of some potential structures, but we do not pretend to have identified the global minimum on the PES. We find that the best cluster shape for the Au 10 Ti 10 cluster is not in fact a pyramid, but a compact shape with Ti atoms sitting largely inside the cluster and a majority of Au atoms in the outer layer. After the optimization of the free-standing clusters, the most stable cluster isomers were deposited on the fully hydroxylated α-quartz (001) surface. This choice is dictated by the assumption that under experimental conditions the silica surface is not hydroxyl-free. Fully dehydroxylated silica surfaces can be obtained only after thermal treatment above 600°C, 71 and SiO 2 surfaces get partially hydroxylated even under high vacuum conditions almost instantly. 72 Since our samples are exposed to air, it is likely that a given concentration of OH groups will be present. The density of the OH groups in our model is probably higher that in the real samples, but no quantitative assessment is possible. In any case, in a previous study on tiny AuTi bimetallic clusters we considered both hydroxylated and de-hydroxylated silica surfaces, and we found that the AuTi bimetallic clusters interact strongly also with the de-hydroxylated surface. In this case oxygen atoms are extracted from the surface to bind strongly with the Ti component of the cluster. 73 The structure of the hydroxylated silica surface has been described in a previous study. 27 The resulting structures are shown in Fig. 6 , and relevant adsorption parameters are summarized in Table 1 . We find that the Au 20 cluster exhibits a relatively low adsorption energy on the silica surface, only −1.05 eV, Table 1 . The atoms in the supported Au clusters show an average Bader charge close to zero, indicating the absence of chemical interaction with the surface. The relatively weak binding of the Au cluster on the surface is thus largely due to dispersion forces.
The Au 10 Ti 10 bimetallic cluster, on the other hand, exhibits a much larger adsorption energy of −4.41 eV. Only around 20% of the adsorption energy is due to dispersion forces. The large adsorption energy is due to a spontaneous local reaction of the cluster with the surface, via hydrogen reverse spillover. This can be seen in the side view in Fig. 6(d) . The surface uSi-O-H group is split, enabling the H atom to bind to the cluster at a Ti hollow site, while the residual uSi-O
• group binds to an adjacent Ti atom of the cluster, with a resulting Ti-O bond length of 1.96 Å. This local reaction anchors the cluster to the support via the formation of a uSi-O-Au 10 Ti 10 complex. We expect this strong local binding interaction to anchor the AuTi bimetallic clusters to the hydroxylated silica surface, and to operate independently of the cluster size, leading to reduced sintering, as observed in the experiments. Of course, in the experimental situation the clusters are exposed to ambient conditions between deposition and the sintering experiments. Thus we may expect some oxidation of the Ti atoms at the periphery of the Au/Ti clusters, after the removal of the sample out of the deposition chamber, as the XPS confirms that Ti is present on the surface in the form of TiO 2 . However, during and directly after the deposition of the clusters in UHV, the metallic clusters can react with the silica surface, as shown in the calculations.
Conclusions
Size-selected Au/Ti nanoalloy clusters (400, 000 amu) and pure Au 2057 (405, 229 amu) clusters were produced by gas-phase synthesis with a magnetron sputtering, gas condensation cluster beam source and deposited onto silica supports. Chemical characterisation of the deposited clusters was provided by XPS and LEIS measurements. Upon heating the clusters in an O 2 / CO environment to simulate catalytic reaction conditions, the surface composition of the Au/Ti clusters was changed by a segregation process, but both Au and Ti were still visible on the surface. Thus the supported nanoalloy Au/Ti clusters are considered as viable candidates for Au-based catalysis. The sintering behavior of the clusters under electron beam annealing was explored by aberration-corrected STEM imaging in real space and real time. Two neighbouring Au 2057 clusters in a dimer were found to quickly migrate and, in a second slower phase, coalesce with each other. In contrast, Au/Ti dimers showed a strong anchoring effect against sintering due to the presence of the reactive Ti atoms, most notably when the gap between them exceeded 0.60 nm. Sintering can still happen if two Au/Ti clusters are extremely close to each other, but this is due to atom diffusion between the two clusters instead of cluster migration. Sintering is expected to be exceedingly slow if the distance between the Au/Ti clusters is large enough and the diffusing atoms cannot "build a bridge" in between.
DFT calculations show that, in model bimetallic clusters (20 atoms), the Au atoms prefer a position at the surface of the nanoclusters, in good agreement with the outcome of the LEIS experiments. The calculations furthermore show that Au clusters can be bonded much more strongly (by a factor of 5) to a silica support by alloying them with Ti. This effect is due to the increased reactivity of the Au/Ti bimetallic clusters when they present a surface containing a reactive metal (Ti). Future computations may address the role of the oxidation of the bimetallic Au/Ti clusters but the qualitative enhancement of surface anchoring against sintering is expected to be preserved. The presence of surface Au atoms in size-selected Au/Ti nanoalloy clusters and the anchoring effect due to Ti incorporation may open up new possibilities in Au-based nanocatalysis.
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